Increasing evidence suggests that ambient air pollution is a major risk factor for both acute and chronic respiratory disease exacerbations and emergencies. The objective of this study was to determine the association between ambient air pollutants and emergency department (ED) visits for respiratory conditions in nine districts across the province of Ontario in Canada. Health, air pollutant (PM 2.5 , NO 2 , O 3 , and SO 2 ), and meteorological data were retrieved from April 2004 to December 2011. Respiratory diseases were categorized as: chronic obstructive pulmonary disease (COPD, including bronchiectasis) and acute upper respiratory diseases. A casecrossover design was used to test the associations between ED visits and ambient air pollutants, stratified by sex and season. For COPD among males, positive results were observed for NO 2 with lags of 3-6 days, for PM 2.5 with lags 1-8, and for SO 2 with lags of 4-8 days. For COPD among females, positive results were observed for O 3 with lags 2-4 days, and for SO 2 among lags of 3-6 days. For upper respiratory disease emergencies among males, positive results were observed for NO 2 (lags 5-8 days), for O 3 , (lags 0-6 days), PM 2.5 (all lags), and SO 2 (lag 8), and among females, positive results were observed for NO 2 for lag 8 days, for O 3 , PM 2.5 among all lags. Our study provides evidence of the associations between short-term exposure to air pollution and increased risk of ED visits for upper and lower respiratory diseases in an environment where air pollutant concentrations are relatively low.
Background
Ambient air pollution plays an important role in a large spectrum of health disorders. The World Health Organization estimates that 22% of global death and disability can be attributed to environmental factors (Prüss-Ustün et al., 2016) . Ambient air pollution accounts for an estimated 8% of the portion of disease burden for respiratory infections and 9% for chronic obstructive pulmonary disease (COPD) (Prüss-Ustün et al., 2016) . Human activities (including burning of fossil fuels, such as coal, oil, natural gas, and gasoline to produce electricity and power vehicles) are a major source of environmental air pollutants sulphur dioxide (SO 2 ), nitrogen dioxide (NO 2 ), ozone (O 3 ), and particular matter (PM).
Many studies have found positive associations between air pollution and mortality, morbidity, hospitalizations and emergency department (ED) visits for respiratory diseases (Stieb et al., 2009; Kousha and Rowe, 2014; Burnett et al., 1994; Barnett et al., 2005; To et al., 2016; PenardMorand et al., 2005; Pope, 1989; Schwartz et al., 1991; Chen et al., 2017) , and especially asthma (Stieb et al., 2009; Szyszkowicz, 2008; Villeneuve et al., 2007; Gasana et al., 2012; Choi et al., 2011; Peel et al., 2005; Linaker et al., 2000; McConnell et al., 2003; To et al., 2013) . Individuals with pre-existing respiratory disease, such as chronic obstructive pulmonary disease (COPD), demonstrate increased susceptibility to the adverse health effects of ambient air pollution (Lim et al., 2012; Cohen et al., 2017) , particularly for older adults (Chen et al., 2004) . In addition, there is evidence of gender differences in ambient air pollution exposures and ED visits for conjunctivitis (Szyszkowicz et al., 2016) , otitis , and several respiratory disorders (de Torres et al., 2005; Martinez et al., 2007; Szyszkowicz and Kousha, 2014; Malig et al., 2016) . There is a paucity of evidence on gender differences in the association between air pollution and ED use for upper respiratory conditions, such as sinusitis, pharyngitis, and infection. Furthermore, gender-related trends in COPD, lower respiratory diseases intricately linked to environmental exposure, warrant ongoing research. Historically, men have demonstrated higher rates of morbidity and mortality from COPD compared with women; these higher rates were frequently associated with personal smoking behaviors (Aryal et al., 2013) . More recently, COPD morbidity and mortality in women have dramatically increased (Aryal et al., 2013) . Therefore, to address the aforementioned knowledge gaps and evolving trends, this current study focuses on the health outcomes of both upper respiratory diseases and COPD ED visits, stratified by sex.
Evidence supporting the association between ambient air pollution and respiratory health effects is inconsistent, possibly due to differences in study design, statistical method, sample size, air pollution concentrations and estimates of exposure. Ecological studies using time series or time-stratified analyses to estimate short-term air health effects have generally found positive associations between daily increases in air pollution and daily increases in morbidity and mortality from respiratory diseases (Stieb et al., 2009; Kousha and Rowe, 2014; Barnett et al., 2005; Choi et al., 2011) . However, some cohort studies have not demonstrated significant effects of long term air pollution exposure on respiratory mortality (Hoek et al., 2013; Dimakopoulou et al., 2014) . While there are several single-site investigations, replication with multi-city studies strengthens the body evidence and enhances the potential for reproducibility and reliability of the findings (Malig et al., 2016) . Studies of ambient air pollution and respiratory health outcomes have been conducted around the globe, often with a focus on regions with the highest concentrations of air pollution (Barnett et al., 2005; Chen et al., 2017; Chan-Yeung et al., 2004) . Alternatively, in global estimates of air pollution levels, Canada generally demonstrates lower concentrations of pollutants compared to other parts of the world (Lim et al., 2012) . Recent evidence indicates there may be no threshold value below which a low level of exposure to pollutants, such as fine particulate matter, does not affect human health (Di et al., 2017) . Furthermore, lower PM 2.5 concentrations have been associated with an even steeper dose-response concentration curve for overall mortality than higher exposure concentrations (Chen et al., 2017) . To strengthen the body of evidence on ambient air pollution exposure and ED visits for COPD and upper respiratory conditions, the present study was designed as a multi-location analysis in Canada.
The aim of this present study was to investigate the associations between ambient air pollution and ED visits for respiratory diseases in nine districts and urban areas in the province of Ontario in Canada. This study is one of the largest multi-city studies correlating air pollutants with ED visits for respiratory disease by pooling results from nine individual cities and districts.
Methods
A case-crossover design (Maclure, 1991) was used to evaluate the potential association between ED visits for respiratory conditions and ambient air pollution from April 2004 to December 2011 in nine urban areas and districts across the province of Ontario, Canada: Algoma, Halton, Hamilton, Middlesex, Ottawa, Peel, Toronto, Essex and York. These urban areas and districts represent a major cross-section of Ontario. Algoma is located in Northeastern Ontario. Ottawa is in Southeastern Ontario. Toronto is Ontario's most populated metropolitan area, with Halton, Peel, and York as municipalities and Hamilton located immediately to the south. The remaining locations of Middlesex (London) and Essex (Windsor) line the southernmost portion of Ontario.
The ED visit, as the level of analysis, was used to represent health outcomes. If the same individual was represented by multiple ED visits, each visit was treated as a separate, individual observation. We utilized the daily mean values of air pollutant concentrations, temperature and relative humidity. Analyses were conducted separately for males and females. Additional sub-analyses were conducted for warm and cold seasons and some by age groups.
A p-value less than 0.05 was considered statistically significant in all presented statistical results. Results are reported as odds ratios (ORs) and 95% confidence intervals (CI) associated with an increase in interquartile range (IQR) of the air pollutants.
Health data
Health data were retrieved from the National Ambulatory Care Reporting System (NACRS). The NACRS database contains data from participating hospital and community-based ambulatory care services such as day surgery, outpatient clinics and ED visits which are collected at time of service. (For more information, see Canadian Institute for Health Information (CIHI) website: www.cihi.ca).
We retrieved ED visits for the period of April 2004 to December 2011 from the NACRS using the International Classification of Diseases, Tenth revision (ICD-10). For this study the following categories were considered: 1) COPD and bronchiectasis (codes J41-J44, J47), and 2) upper respiratory diseases (codes J00-J06, J30 and J31). Supplemental analyses were also conducted using related conditions of (1) acute lower respiratory diseases (codes J10-J18, J20-J22, and J96), and (2) asthma (using a subset of J45 codes to represent acute exacerbation). The analysis for COPD focused on adults at least 55 years old (based on age distribution for the ED visits). Upper respiratory emergencies were analyzed for the entire population.
Environmental data
The environmental data were obtained from Environment Canada's National Air Pollution Surveillance program. (See NAPS Web site: https://www.ec.gc.ca/rnspa-naps/). To obtain data on ambient air pollution, NAPS stations within 35 km of each patient's residential 3-digit postal codes (i.e. Forward Sortation Area (FSA): all postal codes that start with the same three characters are together considered an FSA) were selected and identified. See Supplemental Fig. S3 for a map of the ambient air monitor locations. The daily average values of O 3 , NO 2 , SO 2 , and PM 2.5 (PM of the diameter no greater than 2.5 µm) were calculated by averaging over all the stations within this 35 km radius.
Hourly data for relative humidity and temperature for all cities were retrieved from Environment Canada. We calculated the daily levels for these weather parameters by averaging hourly data over 24-h periods. In case of weather data, stations within 100 km of patient's 3 digit postal code (FSA) were considered. If more than one station was available for a patient, the daily values of all stations were averaged.
Statistical analysis
Two stages of statistical analysis were performed using a timestratified case-crossover design, then pooling the estimates across the nine cities/districts using a fixed-effects model (Janes et al., 2005; Bateson and Schwartz, 1999) . The method of case-crossover is an adaptation of the case-control design in which cases act as their own controls on a set of predefined control days, usually the days around the time of ED visit (Bateson and Schwartz, 1999) . This statistical design is now recognized as being useful approach in studies of air pollution as it avoids confounding by individual characteristics and adjusts for longer time-varying covariates such as trends and seasonal effects (Maclure, 1991; Janes et al., 2005; Bateson and Schwartz, 1999) .
In the first stage, single pollutant models were fit with the emergency (case) day outcome, controlling for temperature, relative humidity, and an indicator for days with influenza. By nature of the casecrossover design, comparisons for pollution levels non-emergency days are referred to as controls. Slopes (betas) for O 3 , NO 2 , PM 2.5 and SO 2 were calculated separately for each city by using conditional logistic regression realized by applying the PROC PHREG procedure in SAS (Enterprise Guide, version 4.2). Several different time lags for air pollutants and meteorological factors were modeled, from same-day exposure (i.e., 0 day lag) to exposure 8 days before admission (i.e., 8 day lag). In order to reduce bias, the control periods were selected from the same day of the week as the case's hospital visit, in the same month and year; thus 3 or 4 controls were selected for each individual case (Bateson and Schwartz, 1999) .
Second, the results were pooled (fixed effects analysis) across all cities and districts. ORs and their 95% CI were represented for a oneunit increase in interquartile range (IQR = 75th percentile − 25th percentile) of the considered air pollutants. The IQR values were calculated for all 9 locations together.
Meteorological variables and an influenza indicator were included in all models to adjust for potential confounding. Curved polynomial relationship between the weather variables and health outcomes was assumed, as low and high temperature extremes may increase health risks. Thus, temperature and relative humidity were adjusted for using natural splines and 3 degrees of freedom to mathematically model the non-linear curvature typical of weather-health variable studies. In order to adjust for potential confounding influence of viral respiratory seasonal epidemics, we also included an indicator variable for influenza for each case (or control day) on any given day if there was at least one case of influenza (ICD-10 codes: J09, J10 and J11) that also occurred on the same day in the health dataset. This indicator was applied in all statistical models. Table 1 shows the frequency of visits by sex, location, and season (cold: October-March, warm: April -September) for each considered health category. Due to population density and distribution in urban centers in Canada, we observe high frequencies of ED visits in urban centers such as Toronto, Ottawa, and Hamilton. More ED visits were also noted in the cold period and for females.
Results
Descriptive statistics for relative humidity and temperature of each city in the study are presented in Table 2 . Results demonstrate a northto-south temperature gradient for the considered locations starting with the coldest location in the northern Algoma region to Ottawa and warmest in Southwestern Essex (Windsor).
Descriptive statistics for ambient air pollutants by location are presented in Table 3 . Results demonstrate Canada's continued relatively low concentration levels of mean ambient air pollution (Lim et al., 2012) . Mean PM 2.5 was highest in heavily industrialized Hamilton. Average NO 2 exposure levels were higher in heavily trafficked and densely populated Toronto. Likewise, as NO 2 is a precursor to secondary traffic-related pollutant O 3 where York, a Toronto suburb that contains major highways with dense traffic, demonstrated the highest mean result. Mean SO 2 levels were highest in Hamilton and in Essex.
The IQR values for all 9 cities are 9.0, 14.5 and 2.5 ppb, for daily means of NO 2 , O 3 , SO 2 , respectively, and 7.1 μg/m 3 for PM 2.5 .
For COPD (N= 183,544) , patients 55 years and older were included in the analysis due to the additional risk linked to age in this population (N= 126,425) . Analyses were conducted separately for males and females. Results for the COPD are presented in Fig. 1 for males (left) and females (right). Among males, we found positive results for NO 2 among lags 3-6 days, for PM 2.5 lags 1-8, where the highest was for lag 4 days, and for SO 2 among lags 4-8 days. Among females, positive results were observed for O 3 among lags 2-4 days, and for SO 2 among lags 3-6, where the highest was for lag 4 days.
For upper respiratory diseases (N= 717,676), analyses were conducted among males and females separately. Results for the upper respiratory diseases are presented in Fig. 2 for males (left) and females (right). We found a similar pattern among both sexes. Among males, positive results were observed for NO 2 among lags 5-8 days, for O 3, (lags 0-6), PM 2.5 (all lags), and SO 2 (lag 8), where the highest was for lag 1, 6, and 8 days respectively. Among females, we found positive results for NO 2 for lag 8 days, for O 3 , PM 2.5 among all lags, where the highest was for lag 1 and 2 days and for O 3 and lag 4 days for PM 2.5 . For SO 2 positive results were only observed for lag 8 days.
Supplemental Table 1 and Supplemental Figs. S1 and S2 depict the results of additional analyses for asthma in children during the warm months and for acute lower respiratory infections by warm and cold months, separately. For asthma (N= 223,845) , we have analyzed the data using two age groups patients younger than 19 years and 19 years of age and older. In the younger age group, we found associations between ambient air pollution and asthma during the warm period (Fig.  S1 ). For males, we found positive results for NO 2 , PM 2.5 and SO 2 among all considered lags, where the highest was for lag 6-7 days. Also, positive results were observed for O 3 among lags 1-6, where the highest was for lag 4 days. For females, we found positive results for NO 2 (lags 2-5), PM 2.5 (all lags) and O 3 (lags 1-8), where the highest was for lag 2-3 days for NO 2 and O 3 and for lag 4 days for PM 2.5 . For SO 2 , positive results were observed among lags 4-5, where the highest was for lag 5 M. Szyszkowicz et al. Environmental Research 163 (2018) 263-269 days.
For the age group of 19 years and older (data not shown), we also found statistically significant results during the warm season. For males, positive results were observed for NO 2 among lags 2-8, where the highest was for lag 7 days: OR = 1.049 (1.027, 1.071); for O 3 among lags 1-4 (highest lag 4 days: OR = 1.035 (1.010, 1.061)) and for PM 2.5 among all lags (highest was for lag 7 days: OR = 1.043 (1.025, 1.061)). For females, positive results were observed for NO 2 , among lag 8 days and for O 3 among lags 2, 6 and 7 days, where the highest was for lag 7: OR = 1.037 (1.004, 1.070). For PM 2.5 positive results were observed for lag 7: OR = 1.021 (1.000, 1.044).
For asthma in younger males, during the cold season (data not shown) statistically positive results were observed for NO 2 and PM 2.5 among all lags and positive results among lag 1 days for SO 2 : OR = 1.022 (1.003, 1.040). For females, we found positive results for PM 2.5 among all lags and positive results among lag 2 days for NO 2 : OR = 1.021 (1.000, 1.036). No other statistically significant were observed during the cold season.
For acute lower respiratory diseases (N= 129,537), analyses were conducted for cold and warm months separately. During the cold season positive results were observed for PM 2.5 among all considered lags, where the highest was for lag 8 days (Fig. S2 ). For O 3 , positive results were observed among lags 0-4 days, where the highest was for lag 0 days. During the warm season, we obtained positive results for NO 2 among lags 1-8, for O 3 among lags 0-6 days, for PM 2.5 among all lags, where the highest was for lag 2 days, and for SO 2 among lags 7-8 days.
Discussion
We found that short-term increase of air pollution appeared to influence both upper and lower respiratory illness, severely enough to prompt emergency department visits, even though people lived in an area with low level air pollution. This study adds to the science by reporting associations between air pollution and ED use for upper respiratory conditions, such as sinusitis, pharyngitis, and infection for male/female gender separately.
The meteorological and pollutant findings (Tables 2, 3 ) in our study, with differences described by district, should be interpreted in context with several unique considerations for Ontario, Canada. Relative humidity reflects the temperate nature of the region compared to the remainder of Canada, with abundant precipitation, moist winters and humid summers. In Southwest Ontario, Windsor is commonly referred to as the air pollution capitol of Canada (Wilhelm, 2008) . Windsor is located on the USA border, containing a heavily trafficked international crossing and situated downwind of cross-border pollutants that originate in the USA (Ministry of the Environment and Climate Change, 2015). Southern Ontario is heavily trafficked, with a major automobile highway corridor connecting the Midwest and Eastern USA, substantial industrial activity, and major roadways throughout the densely populated metropolitan Toronto.
For chronic diseases such as asthma and COPD, strongest effects were seen for a lag period of four to five days, whereas for acute lower respiratory diseases no consistent lag was evident. One possible explanation for the long lag in our findings for chronic diseases is that those with chronic respiratory symptoms may take longer to discern that their symptoms are severe enough to seek emergency care. This relatively long lag between air pollution and emergency visits for asthma and COPD has clinical relevance. If a patient with asthma could recognize the beginning of an exacerbation earlier, there might be time to institute a personalized action plan and bring the condition under control. Patient education may include recommendations to enhance their therapy as needed, together with increasing awareness of the pollution levels would help those with asthma consider if their condition is worsening, and take action earlier, possibly reducing morbidity and emergency department visits (Kousha and Rowe, 2014) .
The associations between pollutant and respiratory health outcomes were stronger in the warm season. As noted, the general temporal patterns in direction, significance, and magnitude of pollutant and health outcomes were similar between males and females, except for O 3 (consistently positive and statistically significant for females across lags) and SO 2 (consistently positive and statistically significant for male children with asthma across lags).
The findings presented in our current study corroborate evidence from previous studies on the association between ambient air pollution and ED visits for respiratory conditions (Stieb et al., 2009 (Stieb et al., , 1996 Kousha and Rowe, 2014; Burnett et al., 1994 Burnett et al., , 1997 Szyszkowicz, 2008; Villeneuve et al., 2007; Larrieu et al., 2009) . In a similar case-crossover study in Edmonton, Alberta, Canada over a 10 year period (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , ambient ozone was correlated with lower respiratory conditions (Kousha and Rowe, 2014) . In another case-cross over study in Windsor, ON, Canada among 3728 ED visits for asthma between 2002 and 2009, statistically significant associations were observed between ambient pollution level and ED visits for asthma. In a time-series analysis among 400,000 ED visits in seven Canadian cities during 1990s and early 2000s, the authors found association between PM 10 and PM 2.5 with asthma during the warm season. By using the daily average of the pollutant, rather than the 1-h maximum as in previous study (Malig et al., 2016) , we anticipated muted or more attenuated associations in the present study. However, the results of previous studies are consistent with our findings (Stieb et al., 2009) .
There are several plausible mechanisms and pathways through which air pollutants could affect the respiratory system, including direct airway irritation causing bronchoconstriction, and oxidative stress with inflammation (Mu et al., 2014; Levy et al., 2015) . Inhaled fine particulate matter may contain toxic, allergenic, and/or infectious material which may enhance this effect. Cellular level stress and inflammation may also predispose the individual to subsequent infection and allergic sensitization (Mu et al., 2014; Guarnieri and Balmes, 2014) .
The analysis in our study was stratified by male/female gender as there are several biological and social differences that may alter vulnerability to air pollutants. Males, especially in childhood, have a higher volume of ED visits for asthma, upper respiratory, and acute lower respiratory diseases. In contrast, women represent a greater volume of ED visits throughout adulthood compared to men. This ED volume disparity appears most profound in those with asthma. This paradoxical gender-age disparity is consistent with previous studies (Szyszkowicz and Kousha, 2014; Lin and Lee, 2008) . We have found the magnitude and direction of the relationship to each pollutant differed according to sex in our previous study of conjunctivitis (Szyszkowicz et al., 2016) ; the current study demonstrated relatively consistent results between the male/female genders in the overall temporal patterns, magnitude, and direction of the associations, with few exceptions in children with asthma and older adults with COPD.
We averaged the pollutants across all monitors in a 35 km radius of the residence of the ED case. Pollutants, particularly primary gaseous pollutants of combustion sources such as SO 2 and NO 2, demonstrate spatial heterogeneity in exposure studies, with higher levels of pollution near major roadways and industrial emitters (McConnell et al., 2003) . Accounting for the spatial heterogeneity of pollutants is particularly relevant to reduce the measurement error in studies focused on quantifying long-term and cumulative exposures (Brook et al., 2013; Lee et al., 2018) . However, our design of averaging pollutant levels across monitors was justified based on evidence from previous population studies using one day as the temporal unit of analysis Castner et al., 2018) . For example, an Atlanta, Georgia, USA, study found the correlation for pollutants within 35 km was estimated 0.8 for 24-average O 3 and PM 2.5 and 0.5 for NO 2 . A second study in the same location compared averaging pollutants across monitors and an isotropic spatial model of the 3-day moving average, finding correlations of 0.86-0.96 among monitors and rate ratio differences of 0.003 or less . Likewise, in Erie County, New York, USA, high correlations were observed among same-day monitor pollutant levels (0.90-0.97 for PM 2.5 and 0.78 for NO 2 ) with cross-correlations demonstrating the measured pollutants dispersed within one day (Castner et al., 2018) . Future methodological study may be warranted to further examine the influence of spatial heterogeneity in studies using daily pollutant measurements.
Strengths and limitations
Our analysis was scaled by an IQR increase, typical of the type of study we conducted. We did not stratify this IQR measure by season to mathematically model a potential single, underlying effect and allow for more consistent comparisons across seasons and with other studies. This presents a trade-off in potential model misspecifications between modelling with an assumption that there are substantial seasonal differences in the magnitude and effect sizes of the relationships between warm and cold seasons (e.g. results are due to a scaling effect) and potential model misspecification of attenuating or amplifying relationships depending on the seasonal IQR chosen. More research is needed to ascertain potential modelling misspecifications and best practices. Respiratory infections can increase the susceptibility to the effects of air pollution (Esposito et al., 2014) . In addition, influenza may be a factor in exacerbating COPD, and controlling for influenza may have attenuated the magnitude of the reported relationships.
Case-crossover study has approximately 50% lower power compared to Poisson regression time-series analysis (Bateson and Schwartz, 1999) . Ecological studies, such as this present study, utilize pollutant and meteorological measures from fixed-site ambient monitors, which may misclassify personal exposure. Additionally, personal behaviors, time spent outdoors, and indoor air quality affect the concentrations of personal exposure and were not measured in the present study.
Multiple statistical tests allow for the depiction of temporal patterns along each lag as noted in Figs. 1 and 2, S1 and S2. The pooled analysis also reduces the potential for spurious results from the individual testing of each lag. Finally, we utilized a fixed effect analysis, which assumes one true underlying effect. This may not account for heterogeneity of exposure and health outcome, and over-represents more densely populated sites, such as Toronto.
Conclusion
Emergency visits are expensive and can be traumatic for patients. Using a case crossover design and studying several different cities, we observed acute adverse upper and lower respiratory health effects even at the relatively low concentrations of air pollution found in Ontario. This raises the question of whether or not there is a 'no effect' concentration of ambient air pollution, an important issue for public health one which may influence health care costs. 
